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We present results on the electroexcitation of the low mass resonances A(1232)P33, A'^(1440)Pii , 
Af(1520)-Di3, and A'^(1535)5'ii in a wide range of Q^. The results were obtained in the comprehensive 
analysis of JLab-CLAS data on differential cross sections, longitudinally polarized beam asymme- 
tries, and longitudinal target and beam-target asymmetries for tt electroproduction off the proton. 
The data were analysed using two conceptually different approaches, fixed-t dispersion relations and 
a unitary isobar model, allowing us to draw conclusions on the model sensitivity of the obtained 
electrocoupling amplitudes. The amplitudes for the A(1232)P33 show the importance of a meson- 
cloud contribution to quantitatively explain the magnetic dipole strength, as well as the electric and 
scalar quadrupole transitions. They do not show any tendency of approaching the pQCD regime 
for < 6 GeV^. For the Roper resonance, A'^(1440)Pii , the data provide strong evidence for this 
state as a predominantly radial excitation of a 3-quark ground state. Measured in pion electropro- 
duction, the transverse helicity amplitude for the 7V(1535)5'ii allowed us to obtain the branching 
ratios of this state to the nN and r]N channels via comparison to the results extracted from rj elec- 
troproduction. The extensive CLAS data also enabled the extraction of the 7*p — > A''(1520)-Di3 and 
A''(1535)S'ii longitudinal helicity amplitudes with good precision. For the A''(1535)S'ii , these results 
became a challenge for quark models, and may be indicative of large meson-cloud contributions or 
of representations of this state different from a 3q excitation. The transverse amplitudes for the 
7V(1520)Di3 clearly show the rapid changeover from helicity-3/2 dominance at the real photon point 
to helicity- 1/2 dominance at > 1 GeV^, confirming a long-standing prediction of the constituent 
quark model. 

PACS numbers: 11.55.Fv, 13.40.Gp, 13.60.Le, 14.20.Gk 



I. INTRODUCTION 

The excitation of nucleon resonances in electromag- 
netic interactions has long been recognized as an impor- 
tant source of information to understand the strong inter- 
action in the domain of quark confinement. The CLAS 
detector at Jefferson Lab is the first large acceptance in- 
strument designed for the comprehensive investigation 
of exclusive electroproduction of mesons with the goal 
to study the electroexcitation of nucleon resonances in 
detail. In recent years, a variety of measurements of 
single pion electroproduction on protons, including po- 
larization measurements, have been performed at CLAS 
in a wide range ofphoton virtuality from 0.16 to 6 
GeV2 P, S, S i, S, i, 0, i- In this work we present 
the results on the electroexcitation of the resonances 
A(1232)P33, iV(1440)Pii, iV(1520)Di3, and 7V(1535)5ii, 
obtained from the comprehensive analysis of these data. 

Theoretical and experimental investigations of the 
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electroexcitation of nucleon resonances have a long his- 
tory, and along with the hadron masses and nucleon 
electromagnetic characteristics, the information on the 
N* transitions played an important role in the 
justification of the quark model. However, the picture 
of the nucleon and its excited states, which at first 
seemed quite simple and was identified as a model of 
non-relativistic constituent quarks, turned out to be more 
complex. One of the reasons for this was the realization 
that quarks are relativistic objects. A consistent way to 
perform the relativistic treatment of the 'y*N —^ N{N*) 
transitions is to consider them in the light-front (LF) 
dynamics d, [l^, [HI ■ The relevant approaches were de- 
veloped and used to describe the nucleon and its excited 
states P, [13, H m, H [13, E, d- However, much 
more effort is required to obtain a better understanding 
of what are the N and N* LF wave functions and what is 
their connection to the inter-quark forces and to the QCD 
confining mechanism. Another reason is connected with 
the realization that the traditional picture of baryons 
built from three constituent quarks is an oversimpli- 
fied approximation. In the case of the iV(1440)Pii and 
iV(1535)5ii, the mass ordering of these states, the large 
total width of A^(1440)Pii, and the substantial coupling 
of A^(1535)5'ii to the r/N channel [l^l and to strange 
particles [2ll . |22I] , are indicative of posible additional qg 
components in the wave functions of these states [23,, 2M 
and (or) of alternative descriptions. Within dynamical 
reaction models [25|, [2^ [13, , the meson-cloud contri- 
bution is identified as a source of the long-standing dis- 
crepancy between the data and constituent quark model 
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predictions for the 'y*N — > A(1232)P33 magnetic-dipole 
amplitude. The importance of pion (cloud) contributions 
to the transition form factors has also been confirmed 
by the lattice calculations [1^. Alternative descriptions 
include the representation of Af(1440)Pii as a gluonic 
baryon excitation (30l . [3l| and the possibility that nu- 
cleon resonances are meson-baryon molecul es g enerated 
in chiral coupled-channel dynamics [H, [H, [SJ, [H, HI] . 
Relations between baryon electromagnetic form factors 
and generalized parton distributions (GPDs) have also 
been formulated that connect these two different notions 
to describe the baryon structure [13, HI] . 

The improvement in accuracy and reliability of the in- 
formation on the electroexcitation of the nucleon's ex- 
cited states over a large range in photon virtuality 
is very important for the progress in our understanding 
of this complex picture of the strong interaction in the 
domain of quark confinement. 

Our goal is to determine in detail the Q^-behavior of 
the electroexcitation of resonances. For this reason, we 
analyse the data at each point separately without 
imposing any constraints on the dependence of the 
electroexcitation amplitudes. This is in contrast with the 
analyses by MAID, for instance MAID2007 [39*1, where 
the electroexcitation amplitudes are in part constrained 
by using parameterizations for their dependence. 

The analysis was performed using two approaches, 
fixed-i dispersion relations (DR) and the unitary isobar 
model (UIM). The real parts of the amplitudes, which 
contain a significant part of the non-resonant contribu- 
tions, are built in these approaches in conceptually dif- 
ferent ways. This allows us to draw conclusions on the 
model sensitivity of the resulting electroexcitation am- 
plitudes. 

The paper is organized as follows. In Sec. II, we 
present the data and discuss the stages of the analy- 
sis. The approaches we use to analyse the data, DR 
and UIM, were successfully employed in analyses of pion- 
photoproduction and low-Q^-electroproduction data, see 
Refs. El, US] ■ In Sec. Ill we therefore discuss only 
the points that need different treatment when we move 
from low to high Q^. Uncertainties of the back- 
ground contributions related to the pion and nucleon 
elastic form factors, and to p, w — > transition form 
factors are discussed in Sec. IV. In Sec. V, we present 
how resonance contributions are taken into account and 
explain how the uncertainties associated with higher res- 
onances and with the uncertainties of masses and widths 
of the 7V(1440)Pii, N{1520)Di3, and iV(1535)S'ii are 
accounted for. All these uncertainties are included in 
the total model uncertainty of the final results. So, in 
addition to the uncertainties in the data, we have ac- 
counted for, as much as possible, the model uncertain- 
ties of the extracted 7*7V A(1232)P33, iV(1440)Pii, 
7V(1520)£ii3, and Ar(1535)S'ii amplitudes. The results 
are presented in Sec. VI, compared with model predic- 
tions in Sec. VII, and summarized in Sec. VIII. 



II. DATA ANALYSIS CONSIDERATIONS 

The data are presented in Tables Hl lIVI They cover 
the first, second, and part of the third resonance regions. 
The stages of our analysis are dictated by how we eval- 
uate the influence of higher resonances on the extracted 
amplitudes for the A(1232)P33 and for the resonances 
from the second resonance region. 

In the first stage, we analyse the data reported in Ta- 
bleU (Q2 = 0.3 - 0.65 GeV^) where the richest set of po- 
larization measurements is available. The results based 
on the analysis of the cross sections and longitudinally 
polarized beam asymmetries (Alt') at = 0.4 and 
0.6 — 0.65 GeV^ were already presented in Refs. [illli^. 
However, recently, new data have become available from 
the JLab-CLAS measurements of longitudinal target (At) 
and beam-target (A^t) asymmetries for ep epn'^ at 
g2 = 0.252, 0.385, 0.611 GeV^ [|. For this reason, we 
performed a new analysis on the same data set, including 
these new measurements. We also extended our analysis 
to the available data for the close values of = 0.3 and 
0.5 - 0.525 GeV^. As the asymmetries Alt', At, A^t 
have relatively weak dependences, the data on asym- 
metries at nearby were also included in the corre- 
sponding sets at Q2 = 0.3 and 0.5 - 0.525 GeV^. Follow- 
ing our previous analyses [4ll . |4^ , we have complemented 
the data set at ^ o.6 - 0.65 GeV^ with the DESY 7r+ 
cross sections data [43], since the corresponding CLAS 
data extend over a restricted range in W . 

In Ref. [13], the analysis of data at = 0.6 — 
0.65 GeV^ was performed in combination with JLab- 
CLAS data for double-pion electroproduction off the pro- 
ton [i^]. This allowed us to get information on the 
electroexcitation amplitudes for the resonances from the 
third resonance region. This information, combined with 
the 7 p N* amplitudes known from photoproduction 
data [20] , sets the ranges of the higher resonance contri- 
butions when we extract the amplitudes of the 7*p — > 
A(1232)P33, 7V(1440)Pii, A^(1520)P'i3, and ^^(1535)511 
transitions from the data reported in Table HI 

In the next step, we analyse the data from Table |TT] 
which present a large body of ep ~f emr^ differential 
cross sections and longitudinally polarized electron beam 
asymmetries at large ^ i 72 _ 4.16 GeV^ As the 
isospin i nucleon resonances couple more strongly to the 
TT^n channel, these data provide large sensitivity to the 
electrocouplings of the 7V(1440)Pii, 7V(1520)i:>i3, and 
^^(1535)511 states. Until recently, the information on 
the electroexcitation of these resonances at > 1 GeV^ 
was based almost exclusively on the (unpublished) DESY 
data [45*] on ep epn^ {Q^ « 2 and 3 GeV^) which have 
very limited angular coverage. Furthermore, the n^p final 
state is coupled more weakly to the isospin i states, and 
is dominated by the nearby isospin | A(1232)P33 reso- 
nance. For the 7V(1535)S'ii, which has a large branch- 
ing ratio to the r]N channel, there is also information 
on the 'j*N iV(1535)S'ii transverse helicity amplitude 
found from the data on 77 electroproduction off the proton 



4 



\Mmm- 

In the range of covered by the data [7] (Table ITT)) . 
there is no information on the hehcity amphtudes for 
the resonances from the third resonance region. The 
data [yt] cover only part of this region and do not allow 
us to extract reliably the corresponding amplitudes (ex- 
cept those for N{1680)Fi5). For the j*p iV(1440)Pii, 
A^(1520)-Di3, and -/V(1535)S'ii amplitudes extracted from 
the data , the evaluation of the uncertainties caused by 
the lack of information on the resonances from the third 
resonance region is described in Sec. V. 

Finally, we extract the 7*p A(1232)P33 amplitudes 
from the data reported in Tables IIIII and IIVI These 
are low data for tt" and 7r+ electroproduction dif- 
ferential cross sections fd\ and data for tt" electroproduc- 
tion differential cross sections at — 1.15,1.45 GeV^ 
[l| and 3 — 6 GeV^ [5]. In the analysis of these data, 
the influence of higher resonances on the results for the 
A(1232)P33 was evaluated by employing the spread of the 
7*p ^ N{lUO)Pii, N{1520)Di3, and iV(1535)S'ii am- 
plitudes obtained in the previous stages of our analysis 
of the data from Tables U and [Til 

Although the data for = 0.75 - 1.45 GeV^ (Table 
IIV[) cover a wide range in W, the absence of 7r+ electro- 
production data for these Q^, except = 0.9 GeV^, 
does not allow us to extract the amplitudes for the 
iV(1440)Pii, N{1520)Di3, iV(1535)5'ii resonances with 
model uncertainties comparable to those for the am- 
plitudes found from the data of Tables U and |TT1 For 
~ 0.95 GeV^, there are DESY 7r+ electroproduction 
data [1^, which cover the second and third resonance 
regions, allowing us to extract amplitudes for all reso- 
nances from the first and second resonance regions at 
= 0.9 — 0.95 GeV^. To evaluate the uncertainties 
caused by the higher mass resonances, we have used for 
— 0.9 — 0.95 GeV^ the same procedure as for the data 
from Table HH 



III. ANALYSIS APPROACHES 

The approaches we use to analyse the data, 
and UIM, are described in detail in Refs. kC 
and were successfully employed in Refs. [iO, 141| . 
for the analyses of pion-photoproduction and low-Q^ 
electroproduction data. In this Section we discuss cer- 
tain aspects in these approaches that need a different 
treatment as we move to higher Q^. 



A. Dispersion relations 

We use fixed-t dispersion relations for invariant ampli- 
tudes defined in accordance with the following definition 
of the electromagnetic current /'^ for the j*N ^ ttN 
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of data 


Iv 






Obser- 


Q 


W 


points 




Ref. 


vable 


(GeV^) 


(GeV) 


(iV) 


DR 


UIM 






0.3 


1.1-1.55 


2364 


2.06 


1.93 


[4J 


A / 0\ 


0.252 


1.125-1.55 


594 


1.36 


1.48 


i1 


Aet(7r") 


0.252 


1.125-1.55 


598 


1.19 


1.23 


[8] 




0.4 


1.1-1.68 


3530 


1.23 


1.24 






0.4 


1.1-1.55 


2308 


1.92 


1.64 






0.4 


1.1-1.66 


956 


1.24 


1.18 






0.4 


1.1-1.66 


918 


1.28 


1.19 


m 


A r 0\ 


0.385 


1.125-1.55 


696 


1.40 


1.61 






0.385 


1.125-1.55 


692 


1.22 


1.25 


f8] 




0.525 


1.1-1.66 


3377 


1.33 


1.35 




da 1 + \ 


0.5 


1.1-1.51 


2158 


1.51 


1.48 


[4] 


du 

F^V 

dn 1 


0.65 


1.1-1.68 


6149 


1.09 


1.14 




0.6 


1.1-1.41 


1484 


1.21 


1.24 


m 


dn V " I 


~ 0.6 


1.4-1.76 


477 


1.72 


1.74 


[43] 


AiT'(^°) 


0.65 


1.1-1.66 


805 


1.09 


1.13 


i 


AiT'(^+) 


0.65 


1.1-1.66 


812 


1.09 


1.04 


[3] 


At{^') 


0.611 


1.125-1.55 


930 


1.38 


1.40 


[8] 


Aei(7r°) 


0.611 


1.125-1.55 


923 


1.26 


1.28 


[8] 



TABLE I: The data sets included in the first stage of the 
analysis, as discussed in the text. The columns correspond- 
ing to DR and UIM show the results for per data point 
obtained, respectively, using fixed-f dispersions relations and 
the unitary isobar model described in Sec. III. 
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1.72 


1.11-1.69 


3530 


2.3 


2.5 


2.05 


1.11-1.69 
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2.3 


2.2 




2.44 


1.11-1.69 
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2.91 


1.11-1.69 
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2.1 
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5482 


1.3 
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Alt'{-^^ 


1.72 


1.12-1.68 


699 


2.9 


3.0 




2.05 


1.12-1.68 


721 


3.0 


2.9 




2.44 


1.12-1.68 


725 


3.0 


3.0 




2.91 


1.12-1.68 


767 


2.7 


2.7 




3.48 


1.12-1.68 


623 


2.4 


2.3 



TABLE II: The ep emv+ data from Ref. 0]. 



process |4£ 



(1) 
(2) 



where k, q, pi, p2 are the four-momenta of the virtual 
photon, pion, and initial and final nucleons, respectively; 
P = 5(Pi+P2), Bi{s,t,Q^),B2{s,t,Q^),...Bs{s,t,Q^) 
are the invariant amplitudes that are functions of the 
invariant variables s — (k+pi)'^, t = (k — q)'^, = —k^; 
u{pi), u{p2) are the Dirac spinors of the initial and final 
state nucleon, and 0^ is the pion field. 
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0.16 


1.1-1.38 


3301 


1.96 
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da / 0\ 
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0.16 


1.1-1.38 
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1.69 




1.67 


0.20 
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U.z4 


11 1 Q O 

l.i-i.oo 
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1 oa 
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1 oo 
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0.24 
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1.49 




1.46 




0.28 
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1.56 




1.59 


— f7r+") 


0.28 


1.1-1.38 


2941 


1.47 




1.44 


0.32 


1.1-1.38 


2836 


1.51 




1.48 


|(^+) 


0.32 


1.1-1.38 


2922 


1.39 




1.37 


rfnl'T ) 


0.36 


1.1-1.38 


2576 


1.46 




1.42 




0.36 


1.1-1.38 


2611 


1.35 




1.38 



TABLE III: The low data from Ref. 
third stage of the analysis. 



analysed in the 



subtraction is neccessary: 

Re Bi-\s, t, Q2) ^ g2) „ ^^F^iQ 



1 



t — 
1 



s — u — 

1 



(5) 



+ - / ImBi-\s\t,Q^)(^ + ^\ds\ 

TT J \S' — S S' — U J 

where g'^/Ai: = 13.8, e^/Ai: = 1/137, F^iQ"^) is the pion 
form factor, Ff {Q'^) is the nucleon Pauli form factor, and 
m and are the nucleon and pion masses, respectively. 

At ^ 0, using the relation = B2 2(t~m'i ) ' 
which follows from Eq. (3), and DR for the amplitude 
B2{s,t, ~ 0), one obtains: 
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0.75 


1.1-1.68 


3555 


1.16 


1.18 


dn(^ ) 


0.9 


1.1-1.68 


3378 


1.22 


1.25 


— (n+) 


~ 0.95 


1.36-1.76 


725 


1.62 


1.66 


dnl^ ) 


1.15 


1.1-1.68 


1796 


1.09 


1.15 


1.45 


1.1-1.62 


1878 


1.15 


1.18 




3 


1.11-1.39 


1800 


1.41 


1.37 




3.5 


1.11-1.39 


1800 


1.22 


1.24 




4.2 


1.11-1.39 


1800 


1.16 


1.19 




5 


1.11-1.39 


1800 


0.82 


0.88 




6 


1.11-1.39 


1800 


0.66 


0.67 



TABLE IV: The data included in the third stage of the anal- 
ysis: the data for ^(7r°]^at = 0.75 - 1.45 and 3 - 6 GeV^ 
are from Refs. [l 
are from Ref. 143 



and 0], respectively; the data for ^(tt^) 



oc 



^2,_,P M-^tWlQ!),,,, (6) 

u' — s' 

Sthr 

where u' = 2m? + — Q'^ — s' — t. 

This expression for fsubit, Q^) was successfully used for 
the analysis of pion photoproduction and low =0.4, 
0.65 GeV^ electroproduction data [10, Hlj. However, it 
turned out that it is not suitable at higher Q^. Using a 
simple parametrization: 



/s«6(t,Q') = /i(Q') + /2(Q'K 



(7) 



a suitable subtraction was found from the fit to the data 
for = 1.7— 4.5GeV^ f?\. The linear parametrization in 
t is also consistent with the subtraction found from Eq. 
(6) at low . Fig. [T] demonstrates smooth transition 
of the results for the coefficients /i(Q^), /2(Q^) found 
at low < 0.7 GeV^ using Eq. (6) to those at large 
Q2 = 1.7 _ 4.5 GeV^ found from the fit to the data 0. 



The conservation of I'' leads to the relations: 



4Q^S4 = (s - u)B2 - 2{t 
2Q^Bj = -2B'^ - (t 



)B. 



(3) 
(4) 

^5 ^ i(* ^ u)Bq. Therefore, only 
six of the eight invariant amplitudes are indepen- 
dent. In Ref. [iOl, the following independent am- 
plitudes were chosen: Bi, B2, B3, B'^, Bq, Bs- Tak- 
ing into account the isotopic structure, we have 18 
independent invariant amplitudes. For the ampli- 



where B'r^ = 



tudes B 



i±fi) ^(±,0) r(+,0) 



Bk 



B. 



(±,0) p,(±,0) 



un- 



subtracted dispersion relations at fixed t can be written. 
The only exception is the amplitude B^ \ for which a 




0.5 1 1.5 2 2.5 3 3.5 4 4.5 

Q^(GeV^) 

FIG. 1: dependence of the coefficients fi{Q^) (solid curve) 
and f-iijQ^) (dashed curve) from Eq. (7). The results for 
< 0.7 GeV^ were found using Eq. (6), whereas the results 
for = 1.7 - 4.5 GeV^ are from the fit to the data [J. 



Fig. [2] shows the relative contribution of fsub{t,Q^) 
compared with the pion contribution in Eq. (5) at = 



6 



and = 2.44 GeV^. It can be seen that the contribu- 
tion of fsub{tjQ^) is comparable with the pion contri- 
bution only at large \t\, where the latter is small. At 
small \t\, fsub{t,Q'^) is very small compared to the pion 
contribution. 
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(b) 


6 






5 






4 






3 






2 






1 













-1 E 







t(GeV ) 



-t (GeV') 



FIG. 2: The pion contribution in GeV units (solid curves) 
to the DR for the amplitude B^~\s,t,Q^), Eq. (5), com- 
pared to fsub{t,Q^) at Q2 = (a) and = 2.44 GeV^ 
(b). The dashed curves represent fsubit,Q'^) taken in the 
form of Eq. (6), the dash-dotted curve corresponds to the 
results for fsub{t,Q^) obtained by fitting the data 7]. At 
= 2.44 GeV^, the physical region is located on the right 
side of the dotted vertical line. 



B. Unitary isobar model 

The UIM of Ref. [i^ was developed on the basis of the 
model of Ref. jl^l ■ One of the modifications made in Ref. 
[40| consisted in the incorporation of Regge poles with in- 
creasing energies. This allowed us to describe pion pho- 
toproduction multipole amplitudes [sil [s^ with a unified 
Breit-Wigner parametrization of resonance contributions 
in the form close to that introduced by Walker [s^ . The 
Regge-pole amplitudes were constructed using a gauge 
invariant Regge-trajectory-exchange model developed in 
Refs. |5^]. This model gives a good description of 
the pion photoproduction data above the resonance re- 
gion and can be extended to finite \5^ . 

The incorporation of Regge poles into the background 
of UIM, built from the nucleon exchanges in the s- and u- 
channels and i-channel tt, p and u> exchanges, was made 
in Ref. 40] in the following way: 



Background 

— [N + TT + p + Lu]ujM at s < So 

= [N + TT + p + Uj]uiM 



(8) 



Re[TT + p + LO + bi + 02]^ 



l + (s-.So)2 

(s - sof 



egge 



at s > sq. 



Here the Regge-pole amplitudes were taken from Refs. 
(5^ [55I and consisted of reggeized tt, p, lo, bi, and 02 
t-channel exchange contributions. This background was 
unitarized in the A'-matrix approximation. The value of 



So — 1.2 GeV^ was found in Ref. [io"! from the description 
of the pion photoproduction multipole amplitudes [sil . 
nil . With this value of sq , we obtained a good description 
of TT electroproduction data at = 0.4 and 0.65 GeV^ in 
the first, second and third resonance regions [4ll,|4l|. The 
modification of Eq. (8) was important to obtain a better 
description of the data in the second and third resonance 
regions, but played an insignificant role at y/s < 1.4 GeV. 

When the relation in Eq. (8) was applied for > 
0.9 GeV^, the best description of the data was obtained 
with -Jsq > 1.8 GeV. Consequently, in the analysis of the 
data [3], the background of UIM was built just from the 
nucleon exchanges in the s- and w-channels and t-channel 
TT, p and uj exchanges. 



IV. N,Tv,p,uj CONTRIBUTIONS 

In both approaches, DR and UIM, the non-resonant 
background contains Born terms corresponding to the 
s- and u-channel nucleon exchanges and t-channel pion 
contribution, and therefore depends on the proton, neu- 
tron, and pion form factors. The background of the UIM 
also contains the p and to i-channel exchanges and, there- 
fore, the contribution of the form factors Gp(i^)_^^((5^). 
All these form factors, except the neutron electric and 
Gp(uj)^Tr'y{Q^) ones, are known in the region of that 
is the subject of this study. For the proton form fac- 
tors we used the parametrizations found for the existing 
data in Ref. (STj . The neutron magnetic form factor and 
the pion form factor were taken from Refs. [H, [s^ and 
j60L IgiI . m, HI] , respectively. The neutron electric form 
factor, Ge„ (Q^), is measured up to — 1.45 GeV^ [gI ]. 
and Ref. [64| presents a parametrization for all existing 
data on Ge„{Q^), which we used for the extrapolation 
of Gs^iQ'^ fto Q2 > 1.45 GeV^. In our final results at 
high Q^, we allow for up to a 50% deviation from this 
parametrization that is accounted for in the systematic 
uncertainty. There are no measurements of the form fac- 
tors Gp(^)^7r7(Q^); however, investigations made using 
both QCD sum rules [IH] and a quark model [i^ predict 
a dependence of Gp(^)^Tr7(<3^) close to the dipole 

form Gd{Q^) = 1/(1 + iiGeV^ )"^- used this dipole 
form in our analysis and introduced in our final results 
a systematic uncertainty that accounts for a 20% devia- 
tion from 0.71 GeV^. All uncertainties, including those 
arising from the measured proton, neutron and pion form 
factors, were added in quadrature and will be, as one part 
of our total model uncertainties, referenced as model un- 
certainties (I) of our results. 



V. RESONANCE CONTRIBUTIONS 

We have taken into account all well-established 
resonances from the first, second, and third reso- 
nance regions. These are 4- and 3-star resonances: 
A(1232)P33, iV(1440)Pii, 7V(1520)i^i3, A^(1535)5ii, 
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A(1600)F33, A(1620)53i, iV(1650)5ii, iV(1675)Di5, 
iV(1680)Fi5, iV(1700)Z?i3, A(1700)i^33, A^(1710)Fii, 
and A^(1720)Pi3. For the masses, widths, and nN 
branching ratios of these resonances we used the mean 
values of the data from the Review of Particle Physics 
(RPP) [23|. They are presented in Table IVl Resonances 
of the fourth resonance region have no influence in the 
energy region under investigation and were not included. 

Resonance contributions to the multipole amplitudes 
were parametrized in the usual Breit-Wigner form with 
energy-dependent widths [ssj ]. An exception was made 
for the A(1232)P33 resonance, which was treated dif- 
ferently. According to the phase-shift analyses of ttN 
scattering, the t:N amplitude corresponding to the 
A(1232)P33 resonance is elastic up to = 1.43 GeV 
(see, for example, the latest GWU analyses [btI . [68{). 
In combination with DR and Watson's theorem, this 
provides strict constraints on the multipole amplitudes 
Mf{^ eI'_^^1'_^ that correspond to the A(1232)P33 
resonance [4^. In particular, it was shown [i^ that 

with increasing Q^, the VF-dependence of M^^^ remains 
unchanged and close to that from the GWU analysis 
[52| at ^ 0, if the same normalizations of the am- 
plitudes at the resonance position are used. This con- 

3/2 

straint on the large M^ \^ amplitude plays an important 
role in the reliable extraction of the amplitudes for the 
7*7V A(1232)P33 transition. It also impacts the anal- 
ysis of the second resonance region, because resonances 
from this region overlap with the A(1232)P33. 

The fitting parameters in our analyses were the 7*p 
N* helicity amplitudes, ^1/2, ^3/2, Si/2- They are re- 
lated to the resonant portions of the multipole ampli- 
tudes at the resonance positions. For the resonances with 
p _ 1- 3 + 
2 ' 2 ' 



J 



., these relations are the following: 



Ai,2 = --[{l + 2)£i+ + lMi+], 



A 



3/2 



[/(/ + 2)] 



1/2 



^1/2 = -^(^ + 1)5;+. 



(9) 
(10) 
(11) 



p _ 1+ 3- 



For the resonances with J = 



^1/2= 2 [(/ + 2)A<o+i)--Zf(,+i)-] 



(12) 



A 



3/2 



[l{l + 2)f^ 



(£(,+!)_ +M(i+i)_), (13) 



^1 



/2 



\/2 



[1 + 1)5,^1+1)- 



(14) 



where J and P are the spin and parity of the resonance. 



Mi±{Ei±,Si±) = almMiliEl"^, SfDiW - M), (15) 



1 

Ci 



Cl/2 - 
Cl/2 = 



I' '^3/2 



for 7*p — > 7r°p, 



, C'3/2 = - V i for Tp TT+n. 



I = J — ^, and 



Here C/ are the isospin Clebsch-Gordon coefficients in 
the decay N* — > ttN; F, M, and / are the total width, 
mass, and isospin of the resonance, respectively, Pt^n is 
its branching ratio to the nN channel, K and are 
the photon equivalent energy and the pion momentum 
at the resonance position in cm. system. For the trans- 
verse amplitudes Ai p and ^3/2, these relations were in- 
troduced by Walker [53|; for the longitudinal amplitudes, 
they agree with those from Refs. [la, [S^, [lO] . 

The masses, widths, and irN branching ratios of the 
resonances are known in the ranges presented in Ta- 
ble |Vl The uncertainties of masses and widths of the 
7V(1440)Pii, 7V(1520)i:ii3, and 7V(1535)S'ii are quite 
significant and can affect the resonant portions of the 
multipole amplitudes for these resonances at the reso- 
nance positions. These uncertainties were taken into ac- 
count by refitting the data multiple times with the width 
(mass) of each of the resonances changed within one stan- 
dard deviation [9^ while keeping those for other reso- 
nances fixed. The resulting uncertainties of the "f*p — *■ 
7V(1440)Pii, iV(1520)i:'i3, iV(1535)S'ii amplitudes were 
added in quadrature and considered as model uncertain- 
ties (II). 

In Sec. II, we discussed that in the analysis of the 
data reported in Table [Til there is another uncertainty 
in the amplitudes for the 7V(1440)Pii, N{1520)Di3, and 
Af(1535)S'ii, which is caused by the limited information 
available on magnitudes of resonant amplitudes in the 
third resonance region. To evaluate the influence of these 
states on the extracted 7*p ^ 7V(1440)Pii, 7V(1520)i:'i3, 
A^(1535)S'ii amplitudes, we used two ways of estimating 
their strength. 

(i) Directly including these states in the fit, taking the 
corresponding amplitudes A1/2, ^3/27 'S'1/2 as free pa- 
rameters. 

(ii) Applying some constraints on their amplitudes. 
Using symmetry relations within the [70, 1~] multiplet 
given by the single quark transition model [7ll |. we have 
related the transverse amplitudes for the members of 
this multiplet (A(1620)S'3i, iV(1650)S'ii, 7V(1675)Pii5, 
7V(1700)i:ii3, and A(1700)Pi33) to the amplitudes of 
7V(1520)i:'i3 and 7V(1535)S'ii that are weU determined in 
the analysis. The longitudinal amplitudes of these reso- 
nances and the amplitudes of the resonances A(1600) A3 
and iV(1710)Pii, which have small photocouplings [20] 
and are not seen in low tt and 27r electroproduction 
[4^ . were assumed to be zero. 

The results obtained for iV(1440)Pii, 7V(1520)£)i3, 
and A^(1535)S'ii using the two procedures are very close 
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M(M 


eV) 


M(MeV) 


r(MeV) 


f(MeV) 






A{^9'^9^ Poo 


1231 — 




1232 


116 


— 120 


1 1 8 


100 


1 nn 


iV I J.'l^U )J 11 


1 490 

L^ZiVJ — 


1 470 


1 AAC\ 


200 


- 450 


oou 


55 


- 75 


uu 


AT (^ ^o(W 

iV lOZU J_L/13 


1010 — 




lOZU 


100 


- 125 


119 
1 IZ 


55 


- 65 


fin 

DU 


iV ^iOOU^i^ll 


1 'i9'i — 




1 'I'^'i 

-LOOO 


125 


— 175 


1 

-LOU 


35 


- 55 


'-±0 


AM finn^ Poo 


-LOOLf 




1 finn 


250 


- 450 


oou 


10 


- 25 


90 


ZAi^lOZU JO31 


IDUU — 


IDDU 


IDoU 


135 


- 150 


1 /I Pi 
1^0 


20 


- 30 


zo 


i V ±UuU J Oil 


1U4:0 


1 (\7C\ 

lU i U 


1 (\^^ 

lUOO 


145 


- 185 


lUO 


du 


— 90 


{ 


iV ID ( J-L/15 


10 / u — 


IDoU 


10 / 


130 


- 165 


1 Pin 

lOU 


35 


-45 


40 


Af(1680)Fi5 


1680 - 


1690 


1685 


120 


- 140 


130 


65 


- 70 


65 


Af(1700)Di3 


1650 - 


1750 


1700 


50- 


- 150 


100 


5- 


- 15 


10 


A(1700)7:'33 


1670 - 


1750 


1700 


200 


-400 


300 


10 


- 20 


15 


Ar(1710)Pii 


1680 - 


1740 


1710 


50- 


-250 


100 


10 


- 20 


15 


iV(1720)Pi3 


1700 - 


1750 


1720 


150 


- 300 


200 


10 


- 20 


15 



TABLE V: List of masses, widths, and branching ratios of the resonances included in our analysis. The quoted ranges are 
taken from RPP [23|. The quantities labeled by tildes (M, f , P-kn) correspond to the values used in the analysis and in the 
extraction of the 7*p N* helicity amplitudes. 



to each other. The amplitudes for these resonances pre- 
sented below are the average values of the results ob- 
tained in these fits. The uncertainties arising from this 
averaging procedure were added in quadrature to the 
model uncertainties (II). 



VI. RESULTS 

Resuhs for the extracted j*p -> A(1232)P33, 
7V(1440)Pii, A^(1520)i:'i3, iV(1535)5ii amplitudes are 
presented in Tables IVHIXIII Here we show separately 
the amplitudes obtained in the DR and UIM approaches. 
The amplitudes are presented with the fit errors and 
model uncertainties caused by the N, tt, and to con- 
tributions to the background, and those caused by the 
masses and widths of the iV(1440)Pii, iV(1520)i:>i3, and 
A^(1535)S'ii, and by the resonances of the third resonance 
region. These uncertainties, discussed in Sections IV and 
V, and referred to as model uncertainties (I) and (II), 
were added in quadrature and represent model uncer- 
tainties of the DR and UIM results. 

The DR and UIM approaches give comparable descrip- 



therefore, the differences in ^1/2 j ^3/21 'S'1/2 are related 
only to the model assumptions. We, therefore, ascribe 
the difference in the results obtained in the two ap- 
proaches to model uncertainty, and present as our final 
results in Tables IVlllXl and [XIII the mean values of the am- 
plitudes extracted using DR and UIM. The uncertainty 
that originates from the averaging is considered as an 
additional model uncertainty - uncertainty (III). Along 
with the average values of the uncertainties (I) and (II) 
obtained in the DR and UIM approaches, it is included 
in quadrature in the total model uncertainties of the av- 
erage amplitudes. 

In the fit we have included the experimental point- 
to-point systematics by adding them in quadrature with 
the statistical error. We also took into account the over- 
all normalization error of the CLAS cross sections data 
which is about 5%. It was checked that the overall nor- 
malization error results in modifications of all extracted 
3/2 

amplitudes, except Mj^^_ , that are significantly smaller 

3/2 

than the fit errors of these amplitudes. For M-^^!^_ , this 
error results in the overall normalization error which is 
larger than the fit error. It is about 2.5% for low Q^, 
and increases up to 3.2-3.3% at = 3 — 6 GeV^. For 
tions of the data (see values in Tables IIllIV|). and, the fit error given in Table FVll includes the overall 
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normalization error added in quadrature to the fit error. 



Examples of the comparison with the experimental 
data are presented in Figs. [3lfT2l The obtained values 
of in the fit to the data are presented in Tables ID- 
IrVl The relatively large values of for |n(^°) at = 
0.16,0.2 GeV^ and for ^(7r+) at = 0.3,0.4 GeV^ 
and = 1.72,2.05 GeV^ are caused bysmall statis- 
tical errors, which for each data set i, H and 0, m- 
crease with increasing . The values of for Alt' 
at > 1.72 GeV^ are somewhat large. However, as 
demonstrated in Figs. 15161 the description on the whole 
is satisfactory. 

The comparison with the data for ^ and Alt' is made 
in terms of the structure functions ctt + cctl, utt, <^lt, 
ult' and their Legendre moments. They are defined in 
the following way: 



^ = (Tt + + eoTr cos 2(j) (16) 
-|-\/2e(l + e)(7LT COS0 + h^j2€{l ~ e)(TLT' sin0. 



where ^ is the differential cross section of the reaction 
7*iV —f Ntt in its cm. system, assuming that the virtual 
photon flux factor is 



27r2g2 



2mK- 



1-e' 



Ei, Ef are the initial and final electron energies in the 
laboratory frame, and e is the polarization factor of the 
virtual photon. 9 and (j) are the polar and azimuthal 
angles of the pion in the cm. system of the reaction 
'y*N Ntt, and h is the electron helicity. The lon- 
gitudinally polarized beam asymmetry is related to the 
structure function <7lt' by: 



ILT' 



ejaLT' sm c 



0) 



(17) 



For the longitudinal target asymmetry At and beam- 
target asymmetry A^t we use the relations presented in 
detail in Ref . Q , where the experimental results on these 
observables are reported. These relations express At and 
Aet through the response functions defined in Ref. (t^ . 

The Legendre moments of structure functions are de- 
fined as the coefficients in the expansion of these func- 
tions over Legendre polynomials Pi (cos 9) : 



aT{W, cos 9) + eaL{W, cos 9) 



(18) 



<tlt{W,cos9) 
(tlt'{W,cos9) 
(Jtt{W, cos 9) = 



1=0 
n-l 



= sin 

1=0 
n-2 

sm^9Y, 



D 



T+L 



(W)Pi{cos9), 



Df^{W)Pi{cos9),{l<d) 



Df^' {W)Pi{cos9),{2Q) 



Df^{W)Pi{cos9).{21) 



1=0 



The Legendre moments allow us to present a compar- 
ison of the results with the data over all energies and 
angles in compact form. 

The Legendre moment D^^^ represents the cos 9 in- 
dependent part of (Tt + ecL, which is related to the 
'y*N ttN total cross section: 



T+L 



D. 



0'l/2 



0'3/2 



1 



(^ 



T 
tot 



4tt 

^1/2 + 0'3/2 
oo 

1=0 



ea. 



-J^K^tot + ^^tot 



), (22) 



(? + l)(|A,+ |^ + |A(,+i)_|^), 
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1=1 



l)(/ + 2)(|S,+ p 



\B 



0+1)- 



(; + l)^(|5,+ P + |5(,+i)_p). 



Here q and k are, respectively, the pion and virtual pho- 
ton three-momenta in the cm. system of the reaction 
j*N ^ttN, K = {W"^ - m'^)/2W, and 



A 



1+ 



2)Ei+ + lMi+] , 



(23) 



Bi+ — Ei+ — Mi+ 
1 



[il + 2)M, 



lE, 



('+i)-J . 



= E, 



0+1)- 



Mi 



0+1)- 



The resonance structures related to the resonances 
A(1232)P33 andiV(1520)i:»i3, A^(1535)S'ii are revealed in 



T+L 



as enhancements. It can be seen that with increas- 



ing Q^, the resonant structure near 1.5 GeV becomes 
increasingly dominant in comparison with the A(1232). 
At > 1.72 GeV^, there is a shoulder between the A 
and 1.5 GeV peaks, which is related to the large con- 
tribution of the broad Roper resonance. As can be seen 
from Table [IXl the transverse helicity amplitude A1/2 for 
7*iP — > 7V(1440)Pii, which is large and negative at = 
[201, crosses zero between = 0.4 and 0.65 GeV^ and 
becomes large and positive at — 1.72 GeV^. With 
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(GeV^) 


ImM 

DR 


W=1.232 GeV 
UIM 




Final results 






0.3 


5.173 ±0.130 


5.122 ±0.130 ±0.004 


5 


148 


± 





130 


± 





026 


0.4 


4.843 ±0.122 


4.803 ±0.122 ±0.005 


4 


823 


± 





122 


± 





021 


0.525 


4.277 ±0.109 


4.238 ± 109 ± 0.008 


4 


257 


± 





109 


± 





021 


0.65 


3.814 ±0.097 


3.794 ± 0.097 ± 0.009 


3 


804 


± 





097 


± 





013 


0.75 


3.395 ± 0.088 


3.356 ± 0.088 ±0.011 


3 


375 


± 





088 


± 





022 


0.9 


3.010 ± 0.078 


2.962 ±0.078 ±0.012 


2 


986 


± 





078 


± 





027 


1.15 


2.487 ±0.066 


2.438 ±0.066 ±0.013 


2 


463 


± 





066 


± 





028 


1.45 


1.948 ± 0.059 


1.880 ±0.059 ±0.014 


1 


914 


± 





059 


± 





037 


3.0 


0.725 ±0.022 ±0.011 


0.693 ±0.022 ±0.016 





709 


± 





022 


± 





023 


3.5 


0.582 ± 0.018 ±0.012 


0.558 ±0.018 ±0.017 





570 


± 





018 


± 





021 


4.2 


0.434 ±0.014 ±0.014 


0.412 ±0.014 ±0.018 





423 


± 





014 


± 





021 


5.0 


0.323 ±0.012 ±0.021 


0.312 ±0.012 ±0.023 





317 


± 





012 


± 





024 


6.0 


0.200 ±0.012 ±0.024 


0.191 ±0.012 ±0.027 





196 


± 





012 


± 





027 



TABLE VI: The results for the imaginary part of Mf|^ at W = 1.232 GeV. For the DR and UIM results, the first and 
second uncertainties are the statistical uncertainty from the fit and the model uncertainty (I) (see Sec. IV), respectively. For 
— 0.3 — 1.45 GeV^, the uncertainty (I) is practically related only to the form factors Gp^^{Q^); for this reason it does not 
affect the amplitudes found using DR. Final results are the average values of the amplitudes found using DR and UIM; here 
the first uncertainty is statistical, and the second one is the model uncertainty discussed in Sec. VI. 



(GeV^) 


DR 


Rem{%) 
UIM 


Final results 


0.16 


-2.0 ±0.1 


- 1.7 ± 0.1 ± 0.04 


-1.9 ±0.1 ±0.2 


0.2 


- 1.9 ±0.2 


- 1.6 ±0.2 ±0.04 


- 1.8 ±0.2 ±0.2 


0.24 


-2.2 ±0.2 


- 2.1 ±0.2 ±0.1 


-2.2 ±0.2 ±0.1 


0.28 


- 1.9 ±0.2 


- 1.6 ±0.2 ±0.1 


- 1.8 ±0.2 ±0.2 


0.3 


-2.2 ±0.2 


-2.1 ±0.2 ±0.1 


-2.1 ±0.2 ±0.1 


0.32 


- 1.9 ±0.2 


- 1.6 ±0.2 ±0.1 


- 1.8 ±0.2 ±0.2 


0.36 


- 1.8 ±0.2 


- 1.5 ±0.3 ±0.1 


- 1.7 ±0.3 ±0.2 


0.4 


-2.9 ±0.2 


- 2.4 ±0.2 ±0.1 


-2.7 ±0.2 ±0.3 


0.525 


-2.3 ±0.3 


- 2.0 ±0.3 ±0.1 


-2.2 ±0.3 ±0.2 


0.65 


-2.0 ±0.4 


- 1.4 ±0.3 ±0.1 


- 1.7 ±0.4 ±0.3 


0.75 


-2.2 ±0.4 


- 1.9 ±0.4 ±0.1 


-2.1 ±0.4 ±0.2 


0.9 


- 2.4 ± 0.5 


-2.1 ±0.5 ±0.2 


-2.2 ±0.5 ±0.3 


1.15 


-2.0 ±0.6 


- 2.6 ±0.5 ±0.2 


-2.3 ±0.6 ±0.4 


1.45 


- 2.4 ± 0.7 


- 2.5 ±0.7 ±0.2 


-2.5 ±0.7 ±0.2 


3.0 


- 1.6 ±0.4 ±0.1 


-2.3 ±0.4 ±0.2 


-2.0 ±0.4 ±0.4 


3.5 


- 1.8 ±0.5 ±0.2 


-1.1 ±0.5 ±0.3 


- 1.5 ±0.5 ±0.5 


4.2 


-2.3 ±0.8 ±0.3 


-2.9 ±0.7 ±0.4 


-2.6 ±0.8 ±0.4 


5.0 


-2.2 ±1.4 ±0.3 


-3.2 ±1.5 ±0.4 


-2.7 ±1.5 ±0.6 


6.0 


-2.1±2.5±1.1 


-3.6 ±2.6 ±1.5 


-2.8 ±2.6 ±1.7 



TABLE VII: The results for the ratio Rem = ImEf^_^^/ImM'^^ at W = 1.232 GeV. All other relevant information is as given 
in the legend of Table IVll 



increasing Q^, this amplitude drops smoothly in magni- 
tude. 

There are dips in the Legendre moment D^'^^ that are 
caused by the A(1232)P33 and iV(1520)i:'i3, A^(1535)S'ii 
resonances. They are related to the following contribu- 
tions to 

Dl = -M [4i?e(Ao+A;_) ± iMi+n . (24) 



When Q-^ grows the dip related to the A(1232)P33 reso- 
nance becomes smaller compared to that near 1.5 GeV. 

At Q"^ > 1.72 GeV^, the relative values of the dip in 
D2 and the enhancement in Dq near 1.5 GeV, and 
the shoulder between the A and 1.5 GeV peaks in Dq^^ , 
remain approximately the same with increasing . Our 
analysis shows that this is a manifestation of the slow 
fallofF of the helicity amplitudes of the transitions 
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i?SM(%) 




(GeV") 










DR 


UIM 


Final results 


0.16 


-4.8 ±0.2 


-4.6 ±0.2 ±0.04 


-4.7 ±0.2 ±0.1 


0.2 


-4.9 ±0.2 


-4.4 ±0.2 ±0.1 


-4.7 ±0.2 ±0.3 


0.24 


-4.7 ±0.3 


-4.5 ±0.3 ±0.1 


-4.6 ±0.3 ±0.1 


0.28 


-5.6 ±0.3 


- 5.4 ±0.3 ±0.1 


- 5.5 ±0.3 ±0.1 


0.3 


- 5.4 ± 0.2 


- 5.0 ±0.2 ±0.1 


- 5.2 ±0.2 ±0.2 


0.32 


-5.9 ±0.3 


- 5.5 ±0.3 ±0.1 


- 5.7 ±0.3 ±0.2 


0.36 


-5.5 ±0.3 


- 5.2 ±0.3 ±0.1 


- 5.4 ±0.3 ±0.2 


0.4 


-5.9 ±0.2 


- 5.2 ±0.2 ±0.1 


- 5.5 ±0.2 ±0.4 


0.525 


-6.0 ±0.3 


- 5.5 ±0.3 ±0.1 


- 5.8 ±0.3 ±0.3 


0.65 


-7.0 ±0.4 


-6.2 ±0.4 ±0.2 


-6.6 ±0.4 ±0.4 


0.75 


-7.3 ±0.4 


-6.7 ±0.4 ±0.2 


- 7.0 ±0.4 ±0.4 


0.9 


-8.6 ±0.4 


-8.1 ±0.4 ±0.2 


-8.4 ±0.5 ±0.3 


1.15 


-8.8 ±0.5 


-8.0 ±0.5 ±0.2 


-8.4 ±0.5 ±0.4 


1.45 


- 10.5 ±0.8 


-9.6 ±0.8 ±0.2 


- 10.1 ±0.8 ±0.5 


3.0 


- 12.6 ±0.6 ±0.1 


- 11.4 ±0.6 ±0.2 


- 12.0 ±0.6 ±0.6 


3.5 


- 12.8 ±0.8 ±0.3 


- 12.4 ±0.8 ±0.4 


- 12.6 ±0.8 ±0.4 


4.2 


- 17.1 ± 1.2 ±0.5 


- 15.9 ± 1.3 ±0.7 


- 16.5 ±1.3 ±0.8 


5.0 


- 26.6 ± 2.7 ± 1.2 


-25.2 ±2.7 ±1.5 


-25.9 ±2.7 ±1.7 


6.0 


-26.4 ±5.2 ±3.2 


- 25.3 ± 5.3 ± 3.8 


-25.9 ±5.3 ±3.8 



TABLE VIII: The results for the ratio Rsm = ImSl'j^ / ImM'^'j^ at = 1.232 GeV. All other relevant information is as given 
in the legend of Table |Vl] 





DR 


UIM 




Final results 


(GeV^) 
















Al/2 


"51/2 






^1/2 


'S'l/2 


0.3 


-15.5 ± 1.2 ± 1.0 


31.8 ±1.8 ±0.8 


-24.0 ±1.2 ±2.5 


37.6 ±1.9 ±2.5 


- 19.8 ± 1.2 ±4.6 


34.7 ± 1.8 ±3.3 


0.4 


-9.4 ±1.1 ±0.9 


30.1 ± 1.4 ± 0.9 


- 19.7± 1.1 ± 3.1 


34.8 ±1.3 ±3.0 


- 14.6 ± 1.1 ±5.5 


32.5 ± 1.3 ±3.1 


0.5 


10.5 ± 1.2 ±0.9 


30.6 ± 1.5 ±0.9 


-4.6 ±1.3 ±3.4 


36.9 ± 1.6 ±3.0 


3.0 ± 1.2 ± 7.9 


33.8 ±1.5 ±3.7 


0.65 


19.5 ± 1.3 ± 1.0 


27.6 ± 1.3 ± 1.0 


5.4 ± 1.2 ±3.4 


35.2 ± 1.2 ±3.4 


12.4 ±1.2 ±7.4 


31.4 ± 1.2 ±4.4 


0.9 


31.9 ±2.6 ±4.3 


30.6 ±2.1 ±4.3 


18.7 ±2.7 ±4.3 


36.2 ±2.1 ±4.2 


25.3 ±2.7 ±7.9 


33.4 ± 2.1 ± 5.1 


1.72 


72.5 ± 1.0 ±4.4 


24.8 ±1.4 ±5.4 


58.5 ± 1.1 ±4.3 


26.9 ± 1.3 ±5.4 


65.5 ± 1.0 ±8.3 


25.8 ± 1.3 ±5.5 


2.05 


72.0 ±0.9 ±4.3 


21.0±1.7±5.1 


62.9 ±0.9 ±3.4 


15.5 ± 1.5 ±5.0 


67.4 ±0.9 ±6.0 


18.2 ± 1.6 ±5.8 


2.44 


50.0 ±1.0 ±3.4 


9.3 ± 1.3 ±4.3 


56.2 ±0.9 ±3.4 


11.8± 1.4±4.3 


53.1 ± 1.0 ±4.6 


10.6 ± 1.4 ±4.5 


2.91 


37.5 ±1.1 ±3.0 


9.8 ±2.0 ±2.6 


42.5 ±1.1 ±3.0 


13.8 ±2.1 ±2.6 


40.0 ±1.1 ±3.9 


11.8 ±2.1 ±3.3 


3.48 


29.6 ±0.8 ±2.9 


4.2 ±2.5 ±2.6 


32.6 ±0.9 ±2.8 


14.1 ± 2.4 ± 2.4 


31.1 ±0.9 ±3.2 


9.1 ±2.5 ±5.5 


4.16 


19.3 ±2.0 ±4.0 


10.8 ±2.8 ±4.7 


23.1 ±2.2 ±4.9 


17.5 ±2.6 ±5.6 


21.2 ±2.1 ±4.9 


14.1 ± 2.7 ± 6.1 



TABLE IX: The resuhs for the 7*p iV(1440)Pii helicity amplitudes in units of 10~^GeV"^''^. For the DR and UIM results, 
the first and second uncertainties are, respectively, the statistical uncertainty from the fit and the model uncertainty, which 
consists of uncertainties (I) (Sec. IV) and (II) (Sec. V) added in quadrature. Final results are the average values of the 
amplitudes found using DR and UIM; here the first uncertainty is statistical and the second one is the model uncertainty 
discussed in Sec. VI. 



In Figs. Elini we show the results for the target and dou- 
ble spin asymmetries for ep — s- epTr*^ Q. The inclusion of 
these data into the analysis resulted in a smaller magni- 
tude of the Si/2 amplitude for the Roper resonance, and 
also in the larger A1/2 and smaller |>S'i/2| amplitudes for 
the 7*p iV(1535)S'ii transition. These data had mi- 
nor impact on the 7*p A(1232)P33 and 7V(1520)Di3 
amplitudes. 



7*p ^ iV(1440)Pii, 7V(1535)S'ii, 7V(1520)i:'i3 for these 

The enhancement in D^^^ and the dip in D^'^ in the 

A peak are mainly related to the M'^^_^ amplitude of the 
7*p A(1232)P33 transition: 

Do^+^«2M|Mi+p, (25) 
DV^-l^Wi^?. (26) 
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1.25 1.5 

W(GeV) 

FIG. 3: Our results for the Legendre moments of the ep epn" structure functions in comparison with experimental data ^ 
for Q2 = 0.4 GeV^ The soUd (dashed) curves correspond to the results obtained using DR (UIM) approach. 
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FIG. 4: Our results for the Legendre moments of the ep emv'^ structure functions in comparison with experimental data 
for Q2 = 0.4 GeV^. The solid (dashed) curves correspond to the results obtained using DR (UIM) approach. 



13 





14 







DR 


UIM 




Final results 


(GeV^) 
















A/2 




^1/2 


•S'l/2 


^1/2 


'S'l/2 


0.3 


89.4 ±2.1 ±1.3 


-11.0 ±2.1 ±0.9 


90.9 ±2.3 ±1.8 


- 13.0 ±2.2 ±2.1 


90.2 ± 2.2 ± 1.7 


- 12.0 ±2.2 ±1.8 


0.4 


90.6 ± 1.7 ± 1.4 


-9.5 ±1.9 ±0.9 


92.9 ±1.6 ±2.2 


- 15.9 ±2.0 ±2.2 


91.8± 1.7±2.1 


- 12.7 ±2.0 ±3.6 


0.5 


90.5 ±1.9 ±1.6 


-10.8 ±2.2 ±1.2 


91.7 ±2.0 ±2.7 


- 16.7 ±2.4 ±2.4 


91.1 ±2.0 ±2.2 


- 13.8 ±2.3 ±3.5 


0.65 


90.0 ±1.7 ±1.8 


- 12.9 ± 1.8 ± 1.0 


91.6 ±1.8 ±3.3 


-14.4 ±1.9 ±2.3 


90.8 ± 1.8 ±2.7 


- 13.6 ±1.9 ±1.8 


0.9 


83.3 ±2.4 ±4.9 


- 11.2 ±3.8 ±4.6 


85.5 ±2.3 ±5.2 


- 16.4 ±3.9 ±4.9 


84.4 ± 2.4 ± 5.2 


- 13.8 ±3.9 ±5.5 


1.72 


72.2 ±1.5 ±5.0 


- 20.4 ± 1.8 ±3.5 


75.7 ± 1.4 ±4.9 


-24.8 ±1.6 ±3.3 


73.9 ± 1.5 ±5.2 


-22.6 ±1.7 ±4.0 


2.05 


59.8 ±1.6 ±4.0 


- 14.8 ±2.0 ±3.9 


65.4 ± 1.7 ±4.0 


- 19.9 ± 1.9 ±4.4 


62.6 ± 1.7 ±4.9 


- 17.4 ± 1.9 ±4.9 


2.44 


54.5 ±2.1 ±3.6 


- 11.3±2.7±4.1 


59.8 ±2.2 ±3.9 


- 16.7 ±2.9 ±4.3 


57.2 ±2.2 ±4.6 


- 14.0 ±2.8 ±5.0 


2.91 


49.6 ±2.0 ±4.0 


-9.0 ±2.6 ±2.9 


53.0 ± 1.9 ±4.5 


- 12.6 ±2.8 ±4.2 


51.3 ±2.0 ±4.6 


- 10.8 ±2.7 ±4.0 


3.48 


44.9 ±2.2 ±4.2 


-6.3 ±3.2 ±2.7 


41.0 ±2.4 ±4.6 


- 11.3 ±3.4 ±2.8 


43.0 ±2.3 ±4.8 


-8.8 ±3.3 ±3.7 


4.16 


35.5 ±3.8 ±4.5 


-4.5 ±6.2 ±3.5 


31.8 ±3.6 ±4.5 


-8.9 ±5.9 ±3.8 


33.7 ±3.7 ±4.9 


-6.7 ±6.0 ±4.3 



TABLE X: The results for the 7*p A'^(1535)S'ii helicity amplitudes in units of 10 "^GeV The amplitudes are extracted 
from the data on 7*p — > ■kN using /3^jv(A'^(1535)iS'ii) = 0.485 (see Subsection VII, C). The remaining legend is as for Table HXl 



Q2 




DR 






UIM 




(GeV^) 
















^1/2 


^3/2 


Sl/2 


Ax/2 


A/2 


'S'l/2 


0.3 


-51.8 ±1.9 ±0.8 


77.2 ±2.2 ±0.7 


- 43.7 ± 2.4 ± 1.0 


-54.1 ±1.8 ±1.8 


75.1 ±2.2 ±2.1 


-48.4 ±2.4 ±2.3 


0.4 


-57.0 ±1.4 ±0.9 


70.5 ± 1.8 ±0.7 


- 39.7 ± 1.9 ± 1.0 


-59.7 ±2.1 ±2.4 


67.6 ±1.9 ±2.2 


- 43.6 ± 2.1 ± 2.4 


0.5 


-60.2 ±2.0 ±0.9 


56.9 ± 1.7 ±0.8 


-35.5 ±2.5 ±0.8 


-60.6 ±2.2 ±2.5 


60.0 ±1.9 ±2.4 


-39.4 ±2.4 ±2.8 


0.65 


-66.0 ± 1.6 ± 1.1 


52.0 ± 1.4 ±0.8 


- 32.7 ± 2.1 ± 0.7 


-64.5 ±1.8 ±2.7 


54.2 ±1.6 ±2.8 


-37.5 ±1.9 ±2.5 


0.9 


-58.9 ±2.4 ±2.7 


44.8 ± 2.6 ± 2.8 


-29.0 ±3.3 ±2.5 


-64.9 ±2.2 ±2.9 


44.1 ±2.6 ±3.1 


-34.3 ±3.1 ±3.0 


1.72 


-42.4 ±1.2 ±3.2 


18.7 ± 1.2 ±3.2 


- 11.8± 1.1±3.1 


-38.8 ±1.3 ±3.9 


21.4 ± 1.2 ±3.5 


- 9.1 ± 1.0 ± 1.8 


2.05 


-37.3 ± 1.4 ±2.1 


15.6 ±1.5 ±2.3 


-9.6 ±1.6 ±2.8 


-39.7 ±1.5 ±3.2 


18.3 ± 1.6 ±2.6 


-6.8 ±1.5 ±1.9 


2.44 


-36.4 ± 1.3 ±2.4 


11.2 ±1.6 ±2.1 


- 5.5 ± 1.8 ± 1.6 


-36.3 ±1.4 ±2.6 


13.4± 1.7± 1.9 


-3.6 ±1.9 ±1.6 


2.91 


-32.8 ±1.8 ±2.6 


5.8 ±2.1 ±2.9 


-3.3 ±2.0 ±1.5 


- 31.0 ± 1.9 ±2.2 


9.6 ±2.0 ±2.7 


-2.3 ±2.1 ±1.6 


3.48 


-22.4 ±2.1 ±2.7 


5.5 ±2.0 ±5.5 


-5.3 ±2.5 ±2.0 


-24.9 ±2.2 ±2.9 


8.2 ±2.2 ±5.2 


-2.6 ±2.6 ±2.4 


4.16 


-19.1 ±3.9 ±3.0 


6.4 ±3.0 ±7.5 


-2.6 ±4.8 ±3.0 


-20.9 ±4.2 ±3.2 


4.6 ±3.2 ±6.9 


- 0.7 ±4.6 ±3.2 



TABLE XI: The resuhs for the 7*p iV(1520)Di3 helicity amplitudes in units of lO^^GeV"^''^. The remaining legend is as 
for Table im 



VII. 



COMPARISON WITH THEORETICAL 
PREDICTIONS 



In Figs. [To] and [TSlfTSl we present our final results 
from Tables rvniXl and IXIIl they are average values of the 
amplitudes extracted using DR and UIM. 



where M = 1232 MeV and T = 118 MeV are the mean 
values of the mass and width of the A(1232)P33 (Table 
ly]) , qr,kj. are the pion and virtual photon three- momenta, 
respectively, in the cm. system of the reaction 7*p — > 
p7r° at the A(1232)P33 resonance position, and m is the 
nucleon mass. This definition is related to the definition 
of G\i in the Jones-Scadron convention [t^I by: 



A. A(1232)P33 resonance 

The results for the 7*p A(1232)i-33 magnetic dipole 
form factor in the Ash convention 17311 and for the ratios 



Rem = E 



RsM = Sf!^ /Mi^ are presented in 



Fig. [ini The relationship between Gl^j ^^,^{Q'^) and the 
corresponding multipole amplitude is given by: 



M,Ash 



3a 



Aff{'(Q^V7 = M), (27) 



G 



M,J- 



M,Ash 




(28) 



The low g2 data from MAMI [75|j76| and MIT/BATES 
[Z3, and earher JLab Hall C [zl and Hall A [tS 
results are also shown. The form factor G*j^j{Q'^) is 
presented relative to the dipole form factor, which ap- 
proximately describes the elastic magnetic form factor 
of the proton. The plot shows that new exclusive mea- 
surements of G*J^.J{Q^), which now extend over the range 
q2 = 0.06 - 6 GeV^ , confirm the rapid falloff of Gl^iQ^) 
relative to the proton magnetic form factor seen previ- 
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W (GeV) W (GeV) 



FIG. 7: At (left panel) and A^t (right panel) as functions of the invariant mass W, integrated over the whole range in cos^, 
0.252 < < 0.611 GeV" and 60" < <;6 < 156". Experimental data are form Ref. [8||. Solid and dashed curves correspond to 
our results obtained using DR and UIM approaches, respectively. 



(GeV^) 



0.3 

0.4 

0.5 

0.65 

0.9 

1.72 

2.05 

2.44 

2.91 

3.48 

4.16 



Ai 



/2 



A 



3/2 



Si 



/2 



-52.9 ± 
-58.3 ± 
-60.4 ± 
-65.2 ± 
-61.9 ± 
-40.6 ± 
-38.5 ± 
-36.3 ± 
-31.9 ± 
-23.6 ± 
-20.0 ± 



1.8 ± 1.7 
1.8 ±2.1 

2.1 ± 1.7 
1.7± 2.0 
2.3 ±4.1 

1.2 ±4.0 
1.5 ±2.9 

1.3 ±2.5 
1.8 ±2.6 
2.2 ±3.1 
4.1 ± 3.2 



76.1 ± 2 
69.1 ± 1 
58.5 ± 1 
53.1 ± 1 
44.4 ± 2 
20.0 ± 1 
17.0 ± 1 
12.3 ± 1 

7.7 ±2 

6.8 ±2 
5.5 ±3 



2± 1.7 
8 ±2.1 
8 ±2.2 

5 ±2.1 

6 ±3.0 
2 ±3.6 
5 ±2.8 

7 ±2.3 
0±3.4 
1 ±5.5 
1 ±7.3 



-46.1 ±2 
-41.7 ± 2 
-37.5 ±2 
-35.1 ± 2 
-31.6 ±3 
-10.5 ± 1 
-8.2 ± 1 
-4.6 ± 1 
-2.8 ±2 
-4.0 ±2 
-1.6±4 



4 ±2.9 
0±2.6 

5 ±2.7 
0±2.9 
2 ±3.8 
0±2.8 
5 ±2.7 
8± 1.9 
0± 1.6 
5 ±2.6 
7 ±3.2 



TABLE XII: The average values of the 7*p Af(1520)Di3 
helicity amplitudes found using DR and UIM (in units of 
10~^GeV~^''^). The first uncertainty is statistical, and the 
second one is the model uncertainty discussed in Sec. VI. 



ously in inclusive measurements. 

Fig. [Tni shows the long-standing discrepancy between 
the measured G\.j{Q^) and the constituent quark model 
predictions; here in comparison with the LF relativis- 
tic quark model of Ref. llSll . Within dynamical re- 
action models [1^, [H, [l^, |28[, the meson-cloud contri- 
bution was identified as the source of this discrepancy. 
The importance of the pion (cloud) contribution for the 
7*p A(1232)P33 transition is confirmed also by the 
lattice QCD calculations [l^. In Fig. [TOl the results 
of the dynamical model of Ref. [l^l are plotted. They 
show the total amplitude ('dressed' form factor) and the 
amplitude with the subtracted meson-cloud contribution 
('bare' form factor). Very close results are obtained 



within the dynamical model of Refs. [25|,|26|. The meson- 
cloud contribution makes up more than 30% of the to- 
tal amplitude at the photon point, and remains sizeable 
while increases. 

Figure [TO] also shows the prediction [37| obtained in 
the large- iVc limit of QCD, by relating the A'^ ^ A and 
N N GPDs. A quantitative description of G^j(Q^) is 
obtained in the whole range. 

A consistent picture emerges from the data for the ra- 
tios Rem and Rsm- Rem remains negative, small and 
nearly constant in the entire range < < 6 GeV^; 
Rsm remains negative, but its magnitude strongly rises 
at high Q^. It should be mentioned that the observed 
behavior of Rsm at large sharply disagrees with the 
solution of MAID2007 [S^l based on the same data set. 

3/2 

The magnitude of the relevant amplitude Si_^_ can be di- 
rectly checked using the data for the structure function 
(Tlt, whose cos 9 behavior a.tW — 1.23 GeV is dominated 



by the interference of this amplitude with 



3/2. 



3/2 

n- • 



(29) 



comparison of the experimental data for the 
° structure functions with our results and the 



The 
ep epiT 

MAID2007 solution is shown in Figs. [11] and [12] At 
g2 ^ 0.4-1.45 GcV^ (Fig. [n]), MAID2007 describes the 
angular behavior of aLT- However, it increasingly under- 
estimates the strong cos 9 dependence of this structure 
function with rising , which is the direct consequence 
of the small values of Rsm in the MAID2007 solution. 
At Q2 > 3 GeV^ this is demonstrated in Fig. [H] In 
terms of per data point for a^T at W — 1.23 GeV, 
the situation is presented in Table IXlIIl 

In constituent quark models, the nonzero magnitude 
of E^!^ can arise only due to a deformation of the SU (6) 
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FIG. 8: Our results for the longitudinal target asymmetry At in comparison with experimental data for — 0.385 GeV^ 
01 • Solid (dashed) curves correspond to the results obtained using DR (UIM) approach. Rows correspond to 7 W 
bins with W mean values of 1.125, 1.175, 1.225, 1.275, 1.35, 1.45, and 1.55 GeV. Columns correspond to (f) bins with 
(j) = ±72°, ±96^ ±120°, ±144°, ±168°. The solid circles are the average values of the data for positive (^'s and those at 
negative (^'s taken with opposite signs. 



(GeV^) 


DR 


xVd.p. 
UIM 


MAID2007 


0.4 


2.0 


2.3 


2.6 


0.75 
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1.0 
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1.6 
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1.5 


1.8 


2.9 


5 


1.0 


1.3 


2.6 



TABLE XIII: Our resuHs obtained within DR and UIM, and 
the results of the MAID2007 solution [l^ for Psr data 
point for aLT at W = 1.23 GeV for ep ep7r° data [l|, [^. 



spherical symmetry in the N and (or) A(1232) wave func- 
tions. In this connection it is interesting that both dy- 
namical models [^H^l give practically zero 'bare' values 
for Rem (as well as for Rsm)- The entire ampli- 
tude in these models is due to the quadrupole deforma- 



tion that arises through the interaction of the photon 
with the meson cloud. 

The knowledge of the behavior of the ratios 
Rem, Rsm is of great interest as a measure of the 
scale where the asymptotic domain of QCD may set in 
for this resonance transition. In the pQCD asymptotics 
Rem 100% and Rsm const. The measured val- 
ues of Rem, Rsm show that in the range < 6 GeV^, 
there is no sign of an approach to the asymptotic pQCD 
regime in either of these ratios. 

B. Af(1440)Pii resonance 

The results for the 7*p 7V(1440)Pii helicity am- 
plitudes are presented in Fig. [T31 The high am- 
plitudes (Q2 = 1.72 - 4.16 GeV^) and the results for 
= 0.4, 0.65 GeV^ were already presented and dis- 
cussed in Refs. [4l|,[8^. In the present paper the data for 
— 0.4, 0.65 GeV^ were reanalysed taking into account 
the recent CLAS polarization measurements on the tar- 
get and beam-target asymmetries Also included are 
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FIG. 9: Our results for the beam-target asymmetry Aet in comparison with experimental data for = 0.385 GeV'^ [8(. Solid 
(dashed) curves correspond to the results obtained using DR (UIM) approach. Rows correspond to 7 W bins with W mean values 
of 1.125, 1.175, 1.225, 1.275, 1.35, 1.45, and 1.55 GeV. Columns correspond to bins with = ±72", ±96", ±120°, ±144°, ±168". 
The average values of the data for positive and negative <j)'s are shown by solid circles. 



new results extracted at ^ o.3, 0.525, 0.9 GeV^. 

By quantum numbers, the most natural classification 
of the Roper resonance in the constituent quark model is 
a first radial excitation of the 3q ground state. How- 
ever, the difficulties of quark models to describe the 
low mass and large width of the A^(1440)Pii, and also 
its photocouplings to the proton and neutron, gave rise 
to numerous speculations. Alternative descriptions of 
this state as a gluonic baryon excitation [s^, [HI, or a 
hadronic Ncr molecule [s^, were suggested. The CLAS 
measurements, for the first time, made possible the de- 
termination of the electroexcitation amplitudes of the 
Roper resonance on the proton up to = 4.5 GeV^. 
These results are crucial for the understanding of the na- 
ture of this state. There are several specific features in 
the extracted 7*p A^(1440)Pii amplitudes that are 
very important to test models. First, the specific behav- 
ior of the transverse amplitude A1/2, which being large 
and negative at = 0, becomes large and positive at 
~ 2 GeV^, and then drops slowly with Q^. Sec- 
ond, the relative sign between the longitudinal S1/2 and 
transverse A1/2 amplitudes. And third, the common sign 
of the amplitudes Ai^2i S1/2 extracted from the data on 



7*p ttN includes signs from the 7*p — > Af(1440)Pii 
and iV(1440)Pii ttN vertices; both signs should be 
taken into account while comparing with model predic- 
tions. All these characteristics are described by the light- 
front relativistic quark models of Refs. 0, [HI assuming 
that iV(1440)Pii is the first radial excitation of the 3q 
ground state. Although the models [l^, [l^ fail to de- 
scribe numerically the data at small Q^, this can have the 
natural explanation in the meson-cloud contributions, 
which are expected to be large for low |83l] . 

C. A'^(1535)S'ii resonance 

For the first time, the 7*iV iV(1535)S'ii trans- 
verse helicity amplitude has been extracted from the 
TT electroproduction data in a wide range of (Fig. 
[13]), and the results confirm the Q^-dependence of this 
amplitude observed in 77 electroproduction. Numerical 
comparison of the results extracted from the tt and i] 
photo- and electroproduction data depends on the rela- 
tion between the branching ratios to the ttN and rjN 
channels. Consequently, it contains an arbitrariness con- 
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FIG. 10; Left panel: the form factor G*m for the 7*p A(1232)P33 transition relative to 3Gd- Right panel: the ratios 
Rem, Rsai- The full boxes are the results from Tables rVUVIIII obtained in this work from CLAS data (Tables HI IIIII and 
IIVI) . The bands show the model uncertainties. Also shown are the results from MAMI [tbI. [t^ - open triangles, MIT/BATES 
[77j - open crosses, JLab/Hall C [T^ - open rhombuses, and JLab/Hall A [tgI. [80|| - open circles. The solid and dashed curves 
correspond to the 'dressed' and 'bare' contributions from Ref. ^27^; for Rem, Rsm, only the 'dressed' contributions are shown; 
the 'bare' contributions are close to zero. The dashed-dotted curves are the predictions obtained in the large-A'^c limit of 
QCD [3^. IsH. The dotted curve for Gm is the prediction of a LF relativistic quark model of Ref. p^ : the dotted curves for 
Rem, Rsm are the MAID2007 solutions HI. 



nected with the uncertainties of these branching ratios: 
= 0.35-0.55, PnN = 0.45-0.6 The amphtudes 
extracted from rj photo- and electroproduction in Refs. 
liiililHIll correspond to (3rjN = 0.55. 

The amplitudes found from tt and 77 data can be used 
to specify the relation between P^^n and f3riN- From the 
fit to these amplitudes at < < 4.5 GeV^, we found 

1^ = 0.95 ±0.03. (30) 

PttN 

Further, taking into account the branching ratio to the 

ttttN channel Pttttn — 0.01 — 0.1 [131 j which accounts 

practically for all channels different from nN and rjN, 
we find 

= 0.485 ±0.008 ±0.023, (31) 

= 0.460 ±0.008 ±0.022. (32) 

The first error corresponds to the fit error in Eq. (30) 
and the second error is related to the uncertainty of 
PttttN- The results shown in Fig. [14] correspond to 
p^N = 0.485, (3^N = 0.46. 

The CLAS data on tt electroproduction allowed the 
extraction of the longitudinal helicity amplitude for the 
Af(1535)S'ii transition with good precision. 
These results are crucial for testing theoretical models. 



It turned out that at < 2 GeV^, the sign of 5*1/2 
is not described by the quark models. Here it should 
be mentioned that quark model predictions for the rel- 
ative signs between the S1/2 and ^1/2,^3/2 amplitudes, 
are presented for the transitions 7*7V A^(1535)S'ii and 
7V(1520)Di3 (Figs. [H and [151) according to the investi- 
gation made in Ref. |80|. Combined with the difhcul- 
ties of quark models to describe the substantial coupling 
of iV(1535)5'ii to the -qN channel [23| and to strange 
particles [2l|, [l^] , the difficulty in the description of the 
sign of Si/2 can be indicative of a large meson-cloud con- 
tribution and (or) of additional qq components in this 
state (24i]. Alternative representations of the iV(1535)S'ii 
as a meson-baryon molecule have been also discussed 



D. iV(1520)Di3 resonance 

The results for the 7*p iV(1520)Di3 helicity am- 
plitudes are shown in Fig. 1151 where the transverse am- 
plitudes are compared with those extracted from earlier 
data. The new data provide much more accurate results. 

Sensitivity of the earlier data to the 
7*p iV(1520)Z3i3 longitudinal helicity amplitude was 
limited. The CLAS data allowed this amplitude to be 
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FIG. 11: Our results for the ep — > epn structure func- 
tions (in yh/sr units) in comparison with experimental data 
[3| for W = 1.23 GeV. The columns correspond to = 
0.4, 0.75, 1.45 GeV^ The solid (dashed) curves correspond 
to the results obtained using DR (UIM) approach. The dotted 
curves are from MAID2007 
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FIG. 12: Our results for the ep — > ep-K structure func- 
tions (in /ib/sr units) in comparison with experimental data 
for W = 1.23 GeV. The columns correspond to = 
3, 4.2, 5 GeV^ The solid (dashed) curves correspond to 
the results obtained using DR (UIM) approach. The dotted 
curves are from MAID2007 [sl). 



determined with good precision and in a wide range of 

The obtained results show the rapid hehcity switch 
from the dominance of the ampHtude at the pho- 

ton point to the dominance of ^1/2 at > 1 GeV'^. 
This is demonstrated in Fig. 1161 in terms of the hehcity 
asymmetry. Such behavior was predicted by a nonrela- 
tivistic quark model with harmonic oscillator potential 
[9^ . Quark models also describe the sign and depen- 
dence of the longitudinal amplitude. However, there are 



some shortcomings in the quark model description of the 
details of the dependence of the j*p iV(1520)Z3i3 
amplitudes. The amplitude ^3/2 is significantly under- 
estimated in all quark models for < 2 GeV^. Dy- 
namical models predict large meson-cloud contributions 
to this amplitude [s^l that could explain the discrepancy. 

Finally, Fig. [T7I shows the helicity amplitudes A1/2 for 
the resonances iV(1440)Pii, iV(1520)L»i3, iV(1535)S'ii, 
multiplied by Q^. The data indicate that starting with 
— 3 GeV^, these amplitudes have a dependence 
close to l/Q^- Such behaviour is expected in pQCD in 
the limit ^ 00 [9^1 . Measurements at higher are 
needed in order to check a possible scaling of these 
amplitudes. 



VIII. SUMMARY 

The electroexcitation amplitudes for the low mass 
resonances A(1232)P33, iV(1440)Pii, 7V(1520)Di3, and 
A^(1535)S'ii are determined in a wide range of in the 
comprehensive analysis of JLab-CLAS data on differen- 
tial cross sections, longitudinally polarized beam asym- 
metries, and longitudinal target and beam-target asym- 
metries for TT electroproduction off the proton. A to- 
tal of about 119,000 data points were included cover- 
ing the full azimuthal and polar angle range. With this, 
we have complemented the previous analyses [4ll . [i^ . Is^ 
by including all JLab-CLAS pion electroproduction data 
available today. We also have put significant effort into 
accounting for model and systematic uncertainties of the 
extracted electroexcitation amplitudes, by including the 
uncertainties of hadronic parameters, such as masses and 
widths of the resonances, the amplitudes of higher lying 
resonances, the parameters which determine nonresonant 
contributions, as well as the point-to-point systematics of 
the experimental data and the overall normalization error 
of the cross sections. Utilization of two approaches, DR 
and UIM, allowed us to also estimate the model depen- 
dence of the results, which was taken into account in the 
total model uncertainties of the extracted amplitudes. 

There are still additional uncertainties in the ampli- 
tudes presented in this paper. These are related to the 
lack of precise knowledge of the empirical resonance cou- 
plings to the Ntt channel. However, we did not include 
these uncertainties in the error budget as this is an overall 
multiplicative correction that affects all amplitudes for a 
given resonance equally, and, more importantly, the am- 
plitudes can be corrected for these effects once improved 
hadronic couplings become available. 

The amplitudes for the electroexcitation of the 
A(1232)P33 resonance are determined in the range 0.16 < 
< 6 GeV^ . The results are in agreement with the low 
Q2 data from MAMI and MIT/BATES [73], and 

the JLab Hall A (Q^ = 1 QeV^) 0, [s^ and HaU C 
(Q2 = 2.8,4.2 GeV2) [zg data. 

The results for the A(1232)P33 resonance show the 
importance of the meson-cloud contribution to quanti- 
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FIG. 13: Helicity amplitudes for the 7*p A'^(1440)Pii transition. The full circles are the results from Table HXl obtained 
in this work from CLAS data (Tables lll lIV|l . The bands show the model uncertainties. The open boxes are the results of the 
combined analysis of CLAS single tt and 2-k electroproduction data The full triangle at = is the RPP estimate 

[20l |. The thick curves correspond to the results obtained in the LF relativistic quark models assuming that A''(1440)Pii is a 
first radial excitation of the Sq ground state: [is'l (dashed), [l^ (solid). The thin dashed curves are obtained assuming that 
Af(1440)Pii is a gluonic baryon excitation (q^G hybrid state) [3l|]. 
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FIG. 14: Helicity amplitudes for the 7*p — > Ai'(1535)Sii transition. The legend is partly as for Fig. 1131 The solid boxes 
are the results extracted from rj photo- and electroproduction data in Ref. [sj, the open boxes show the results from 77 
electroproduction data [i^. l47i. ^48| . The data are presented assuming /3,rjv ~ 0.485, PnN = 0.46 (see Subsection VII, C). The 
results of the LF relativistic quark models are given by the dashed [13 and dashed-dotted [l3| curves. The solid curves are the 
central values of the amplitudes found within light-cone sum rules using lattice results for light-cone distribution amplitudes 
of the iV(1535)Sii resonance H. 



tatively explain the magnetic dipole strength, as well as 
the electric and scalar quadrupole transitions. They also 
do not show any tendency of approaching the asymptotic 
QCD regime for < 6 GeV^. This was already men- 
tioned in the original paper where the analysis was 
based on the UIM approach only. 

The amplitudes for the electroexcitation of the reso- 
nances iV(1440)Pii, N{1520)Di3, and 7V(1535)S'ii are 
determined in the range 0.3 < < 4.5 GeV^. 

For the Roper resonance, the high amplitudes 
(Q2 ^ 17 _ 4 5 Qgv2) and the results for = 
0.4, 0.65 GeV^ were already presented and discussed in 
Refs. [41I [s^ ]. In the present paper, the data for 
= 0.4, 0.65 GeV^ were reanalysed taking into account 
the recent CLAS polarization measurements on the tar- 



get and beam-target asymmetries Also included are 
the new results at = 0.3,0.525,0.9 GeV^. The main 
conclusion for the Roper resonance is, as already reported 
in Ref. [82], that the data on 7*p 7V(1440)Pii avail- 
able in the wide range of provide a strong evidence for 
this state to be predominantly the first radial excitation 
of the 3-quark ground state. 

For the first time, the 7*p — > A^(1535)S'ii transverse 
helicity amplitude has been extracted from the tt elec- 
troproduction data up to = 4.5 GeV^. The results 
confirm the Q^-dependence of this amplitude as observed 
in T] electroproduction. The transverse amplitude found 
from the tt and 77 data allowed us to specify the branching 
ratios to the -kN and -qN channels for the iV(1535)S'ii. 

Due to the CLAS measurements of tt electropro- 
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FIG. 15: Helicity amplitudes for the 7*p N(1520)Di3 transition. The legend is partly as for Fig. 1131 Open circles show the 
results [stI extracted from earlier DESYE^, [Sg] and NINA [s^ data. The curves correspond to the predictions of the quark 
models: [9q (solid), f9ll| (dashed), and PHdotted). 
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helicity asymmetry Ahei = 
/2 + ^3/2) for the 7*p — > A'"(1520)-Di3 transition. 
Triangles show the results obtained in this work. The solid 
curve is the prediction of the quark model with harmonic os- 
cillator potential [93| ]. 



duction, for the first time the 7V(1520)£)i3 
and N{1535)Sii longitudinal helicity amplitudes are de- 
termined from experimental data. For the 7*p 
A^(1535)S'ii transition, the sign of 51/2 is not described 
by quark models at < 2 GeV^. Combined with the 
difficulties of quark models to describe the substantial 
coupling of the 7V(1535)S'ii to the rjN and strangeness 
channels, this can be an indication of a large meson-cloud 
contribution and/or of additional qq components in this 
state; alternative representations of the iV(1535)iS'ii as a 
meson-baryon molecule are also possible. 
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FIG. 17: The helicity amplitudes A1/2 for the 
7> ^ iV(1440)Pii, iV(1520)L>i3, Af(1535)S'ii transi- 
tions, multiplied by Q^. The results obtained in this work 
from the JLab-CLAS data on pion electroproduction on 
the protons are shown by solid circles (A^(1440)Pii), solid 
trangles (iV(1520)L»i3), and solid boxes (iV(1535)S'ii ). Open 
boxes and crosses are the results for the A'^(1535)S'ii obtained 
in rj electroproduction, respectively, in HALL B [i^, El] and 
HALL C [4^. The solid curve corresponds to the amplitude 
A-1/2 for the 7*p — » A'^(1535)5'ii transition found within 
light-cone sum rules [85| . 



The CLAS data provide much more accurate results for 
the 7*p N{1520)Di3 transverse helicity amplitudes 
than those extracted from earlier DESY and NINA data. 
The data confirm the constituent quark model prediction 
of the rapid helicity switch from the dominance of the 
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^3/2 amplitude at the photon point to the dominance of 
^1/2 at > 1 GeV^. Quark models also describe the 
sign and dependence of the longitudinal amplitude. 

Starting with = 3 GeV^, the helicity amplitudes 
^1/2 for the resonances iV(1440)Pii, N{1520)Di3, and 
A^(1535)5ii have a behaviour close to Measure- 
ments at higher are needed in order to check scal- 
ing for these amplitudes. 
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